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With the development of personal communication system at microwave 
frequencies, the need for high performance low cost packaging substrate material is 
essential. Low Temperature Co fired Ceramic (LTCC) has shown great advantages as 
a package substrate in wireless products due to its ability for 3D packaging and 
suitability for multi-chip modules (MCM). In industry application and circuit design, 
some important issues need to be examined carefully, for example, the dielectric 
material parameters and their impact on the performance of embedded passive 
components such as resonators. In this thesis, we implement laminated 人/4 resonators 
and extract the unloaded Q factor from experimental data. These resonators have two 
advantages: first, simplicity in manufacture of strip line resonator in multilayer 
LTCC; second, compared with micro strip circuitry, the strip line has no need to 
account for the radiation loss. The proposed structures include meandered and bi-
metal-layer stripline resonators. The use of a meandered resonator can shrink the 
length of a transmission line. Q values comparison is also made between traditional 
and proposed stripline resonators. Relation between conductor loss and resonator 
geometry in this substrate is presented. 
For demonstration, a Voltage Controlled Oscillator (VCO) suitable for cellular and 
cordless telephone systems is designed. The LTCC module occupies a total area of 
136mm' with the height of 1.4mm. Measured result show that buried components is 
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Chapter 1 Introduction 
Chapter 1 Introduction 
Today's second-generation (2G) wireless communications market is very dynamic 
with high growth rates. Soon, third-generation (3G) systems will start operation. 
Moreover, wireless local-area network (LAN) system, such as Bluetooth or IEEE 
802.11-based systems are emerging. The key components in the microwave portion 
of the mobile terminals of these systems incorporate --- apart from active RF 
integrated circuits (RFICs) and RF modules --- a multitude of passive components. 
The component count for modem terminals is decreasing due to the progress of 
integration in the active part of the system. The market is demanding smaller and 
smaller terminals, thus, the size of all components has to be reduced. 
On PCB boards usually up to 75% of the total area is covered by passive 
components. One possibility to decrease that space is integration into a multilayer 
substrate. This can be done by means of the Low Temperature Cofired Ceramic 
(LTCC) technology by which metallization is screen printed onto green ceramic 
sheets. Printed sheets are stacked, laminated and fired. Since co-firing is done at 
relative low temperatures (<950 °C) highly conductive metallization layers of silver 
or copper can be used in this step. The thickness of these conductors is around lOjim, 
which is about three times the skin depth at IGHz. As a result of that and since losses 
due to the ceramic can be ignored compared to conductor losses, the LTCC method 
is very useful for integrating inductors and resonators with high quality factors at 
high frequencies. Onto the surface of a LTCC module active elements like IC's can 
be bonded or soldered, It was calculated that the required area for a LTCC module is 
about 25% of a traditional PCB board. 
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Fig. 1.1 Schematic representation of LTCC substrate 
Size reduction and full integration are key trends in commercial RF component 
production. Recently, two-chip or three-chip solution for 1.9GHz digital European 
cordless telecommunications (DECT) applications have been presented based on 
various silicon-based technologies. A major bottleneck hindering full integration 
onto a single chip using standard C M O S technologies is the fact that the on-chip 
passives, such as inductor, capacitors and filters, required high-Q values. Multilayer 
LTCC is one of the compact and cost-effective solutions to this problem. It is 
attractive to implement a complete RF transceiver module based on a standard 
silicon technology with LTCC passive in order to replace low-Q passive on silicon 
with multilayer high-Q passives such as inductors and filters. This fact demonstrates 
that the. LTCC is good candidate for system-on-package (SOP) solutions. On-board 
embedded passives allow a higher level of integration in the development of a 
wireless transceiver system. There is considerable potential for saving the assembly 
2 
Chapter 1 Introduction 
time and cost by reducing the M M I C real estate and the amount of discrete elements 
used in the module. Therefore, there is a need to establish a design methodology to 
implement compact high-performance embedded passives. 
This thesis describes the design and layout of a voltage controlled oscillator 
module using LTCC technology. Voltage controlled oscillators (VCO) are required 
in every cellular and cordless telephone. They are used in phase locked loops to 
generate exact multiples of a reference frequency. When used in cellular and cordless 
technologies they can be used as a tunable local oscillator. A tunable local oscillator 
is used with mixers to convert an RF input signal to baseband frequencies. As the 
cellular and cordless telephone become smaller, new technologies are needed to 
implement such designs. 
Thus far, some laminated resonators have been developed. They consist of planar 
resonators and coupling pads at different layers in a LTCC structure. Although these 
laminated resonators are fabricated in LTCC structure, their actual sizes are about 
人/4 in length. In chapter 5, we propose two LTCC laminated resonators suitable to be 
integrated in low-dielectric constant LTCC RF module, and use them to form a VCO. 
The first structure is designed to have a meandered strip line for size reduction. In the 
second design, a resonator with bi-metal-layer is proposed to improve the conductor 
losses. In chapter 6’ the computer-aided design (CAD) procedures are described. 
Here, the resonators are combined with active circuits to form a VCO. In chapter 7, 
the final measured results are presented to show that the performance of the proposed 
LTCC resonators and V C O module. 
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Chapter 2 Theory of Oscillator Design 
An electronic oscillator is a device that converts dc power to periodic output signal. 
It is a very important electronic component nowadays especially in the development 
of telecommunication system. Oscillator not only acts as a timing reference in digital 
circuit, but also acts as a carrier in wave propagation. In the century, the 
development of radio transmission grew rapidly. At that time, Barkhausen 
formulated the criteria for oscillation, and it becomes the well-known and basic 
theory of oscillators. Later, Clapp, Pierce, Colpitt and Hartly oscillator types were 
suggested and became very popular. Today, most RF systems operate in the GHz 
region. In this chapter, the basic theory and design method of oscillators particularly 
for RF application will be presented. 
2.1 Open-loop approach 
Any oscillator can be considered as a positive feedback system as shown in Fig. 
2.1. It contains an amplifier with frequency dependent forward loop gain G(jco) and a 
frequency dependent feedback network H(jco). 
Vin O ^ ^ ^ " " " • G o i ^ p ^ O Vout 
HOco)  
Fig. 2.1 Block diagram showing a typical positive feedback system 
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By formulating the relation between the input and output signal, we have, 
T, VinGUo)) 
V = — n n 
o"' \-G{jco)H{joS) (丄^ 
In oscillator, the output V。ut is nonzero even if there is no input signal Vin. From the 
close-loop transfer function (2.1), it shows that it is possible if the nominator is 
infinite or the denominator is zero. Obviously, the former condition is not practical. 
Therefore, the system oscillate at a particular frequency cOb when we have, 
G{jco^)H{jco^) = \ (2.2) 
It states that a system oscillate when the magnitude of the open-loop transfer function 
equals to 1 and the phase shift is 0° or multiple of 360°. So, we have 
\G{jco^)H{jco^)\ = l (2.3) 
= (2.4) 
This stable oscillation condition is known as the Barkhausen criteria. 
�� \! \ t ^  z 
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\ Z 
Fig. 2.2 Frequency domain root locus and the corresponding time domain 
response 
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From the circuit theory, unstable network has a pair of complex conjugate poles in 
the right-half plane and stable oscillation occurs when a network has a pair of 
complex conjugate poles on the imaginary axis [1] as shown in Fig. 2.2. If the 
network is unstable, a growing sinusoidal output voltage appears due to the present 
of the thermal noise in the system. The Barkhausen criteria shows the condition 
when the circuit obtains a stable oscillation only. It cannot predict that a system is 
unstable or not. The stability of a circuit can be determined by using the Nyquist plot 
'2]. It is simply a polar plot of the complex loop gain G{jco)H{jco) with frequency 
used as a parameter. The number of clockwise encirclement of the point 
G{jco)H{jco) = 1 determines the difference in the number of right-half plane closed-
loop poles and the number of right-plane poles of G{jco)H{jco). Therefore, a 
clockwise encirclement of the point G{jco)H{jco) = 1 in the Nyquist plot shows that 
the network is unstable. Therefore, in the oscillator design by using the open-loop 
method, it is necessary to have the design such that the open-loop gain is slightly 
larger than unity. 
G{jco^)H{jco^)>\ (2.5) 
The open-loop design method is useful in determining the right value of the phase 
slope or the effective loaded Q at the operating point. 
2.2 One-port approach 
A general schematic of a one-port oscillator is shown in Fig. 2.3. If the net 
resistance of the circuit is negative, the branch current will grow exponentially in the 
6 
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presence of circuit noise. Similarly, the current level will decay exponentially if the 
net resistance is positive. In a stable oscillation, the net resistance of the circuit is 
zero and the signal generated in the system will have constant amplitude and the 




XL(CO) V(T) XIN(A , CO) 
RL(CO) < < RIN(A, CO) 
〇 
ZL(CO) ZIN(CO) 
Fig. 2.3 Schematic diagram for one-port oscillator 
The negative resistance device can be represented by the amplitude and frequency-
dependent impedance: 
(A, CO) = RIN (A, CO、+ jXiN (A, 0)) (2.6) 
where A is the amplitude of I(t). To be specific, Ri^{A,co)<Q over the frequency 
range coi < co < CO2. Moreover, to ensure the building up of oscillation during power 
on, we have, 
(2.7) 
The amplitude of the oscillation will continue to grow until the net resistance drops 
to zero due to non-linear effect at large signal amplitude. In the stable state, thus we 
have, 
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' + = 0 (2.8) 
+ = 0 (2.9) 
where Ao and cOo is the amplitude and frequency of the stable oscillation. 




w h e r e " - 、 [〜⑷ dX,{co) dX,,(A) dR,{co)‘ 
dZ,{co) 2 [ dA 扣々  dco dA 似• dco 
dco 
A A is the small deviation of oscillating current amplitude A from its steady-state 
value Ao. Here, the frequency dependency of Zin(A, co) is neglected for small 
variations around cOb and it is therefore represented by Zin(A). If A A decays with 
^^ 2 
time, p should be positive. Since A。and 収乙⑷ are both positive, therefore, 
dco 
the operating point are stable if and only if， 
〜⑷ dX,{co) dXiN(A) dR,(co) 〉。 
dA “ 。 — dA 扣、dco (2.11) 
This design method can be used to predict the oscillation frequency of an oscillator. 
8 
Chapter 2 Theory of Oscillator Design 
2.3 Two-port approach 
Fig 2.4 shows the general block diagram of the two-port oscillator model. 
Portl Port 2 
O Two-port ^ 
Resonator active device Load 
’ r-^ network ^ r-^ network 
ZR 
- - o - [s] — o - L 
F R FIN POUT F L 
Fig. 2.4 General two-port oscillator model 
The first principle of this method requires the design of an unstable two-port 
network. When the two-port network is potentially unstable, for example, by adding 
positive feedback to the circuit, it is possible to select certain value of ZL, which 
allows a one-port negative resistance device to be created with input reflection 
coefficient given by 
(2.12) 
where Sn, S12, S21 and S22 are the s-parameter of the two-port network. 
Two-port active 
Resonator device network  
Portl Port 2 
r - a O [==]~~ ——O—— 
JXr jXiN Load 
丨 RR I P " RN^M network 
T Zl 
- O O 
ZR ZIN 
Fig. 2.5 Oscillation in port 1 
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Under steady-state oscillation, the net impedance of the circuit is zero, 
Z顶 + Z穴=0 . Equivalently, using the concept of reflection coefficient，the above 
condition can also be expressed as 
r.r,^ = 1 (2.13) 
Notes that similar condition also holds at port 2 simultaneously and the proof is 
derived as follows: 
r W u + f ^ (2.14) 
= (2.15) 
丄 丄 h N 一〜 
^OUT = ^ 22 + ^ 12^ 21 ^ (2.16) 
_ 丄 
叫 「 ^ = 1 (2.17) 
In practice, to ensure the proper start up of oscillation, the following criteria must 
be satisfied: 
厂 / "厂尺 |〉 1 ( 2 . 1 8 ) 
2.4 Voltage controlled oscillator (VCO) design 
In most communication circuit like the front-end transceiver module, the frequency 
of the local oscillator has to be varied in well-defined steps in order to select different 
frequency channels. The design consideration of V C O is very similar to that of a 
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fixed frequency oscillator by using a varactor diode to tune the resonant frequency of 
the LC tank, under the control of the biasing voltage. 
2.4.1 Active device selection and biasing 
An active or oscillation-provoking device is as essential to the oscillator as the 
frequency-selecting networks. The choice of transistors is usually between the 
bipolar junction transistor (BJT) and the GaAs MESFET. BJT is a current-controlled 
device in which the base current modulates the collector current of the transistor. It is 
a widely used RF element because of its low-cost construction. Moreover, it is the 
simplest and the most versatile active device for oscillators. The BJT typically have 
1/f comer frequencies in the kHz region. This 1/f noise is concentrated in the base 
current and it is due to interfacial defects called trap at the base-emitter edge. GaAs 
MESFET is a voltage-controlled device where a variable electric field controls the 
current flow from the source to the drain by changing the applied gate voltage. It is 
more commonly used in microwave integrated-circuit designs because of its higher 
gain, higher output power and a lower noise figure in amplifiers design. Besides, 
GaAs MESFET is also a good choice for the application in higher frequency. 
However, the primary disadvantage is the higher 1/f noise in compared to BJT. Its 1/f 
comer frequencies typically in the 10 to lOOMHz range for a 600um device [4]. 
From Lesson model, the oscillator phase noise near the carrier is caused by the up-
conversion of the active device 1/f noise. As a result, the higher 1/f comer 
frequencies significantly degraded oscillator phase noise performance. Therefore, 
BJT device becomes a better choice for a low phase noise oscillator design. In 
selecting a proper BJT, the transition frequency fr is an important consideration since 
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it determines the operating frequency at which the common-emitter, short circuit 
current hpE decrease to unity. Besides, best 1/f performance is obtained when a 
transistors with high IC，MAX used at low currents [5]. 
In the design of a RF circuit with the use of active devices, it is necessary to design 
a suitable biasing network. In the oscillators design, the bipolar junction transistor is 
biased in the active region with the forward biased base-emitter junction and the 
reverse biased base-collector junction. A good dc biasing circuit is to select the 
appropriate quiescent point for the active devices under specified operating 
conditions and applications. The biasing circuit should maintain a constant setting 
and provide necessary stabilization over the device-to-device variations in transistor 
parameters and temperature fluctuations. Usually, VCE and Ic are the two most 
important parameters in the biasing circuit design. 
VBB VCC 
9 • 
RB > > R c 
w 
VE 
Fig. 2.6 Non-stabilized biasing circuit 
Fig 2.6 is the simplest biasing circuit. The collector current Ic is simply the dc 
current gain HPE times the base current IB. IB is determined by the resistor RB and the 
collector voltage VCE is determined by subtracting the voltage drop across the 
12 
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resistor RC from the supply voltage Vcc- Therefore, if Vcc and VBB are kept constant, 
Ic will vary directly proportional to hpE- This biasing circuit cannot compensate the 
variation of the device hpE and it is not a recommended design. 
RB RC 
V W V W ~ • Vcc 
VE 
Fig. 2.7 Voltage feedback biasing circuit 
Fig. 2.7 shows a biasing circuit with simple voltage feedback. The base bias current 
IB is derived from the collector voltage VC minus the base voltage VB. When HPE 
increases, the collect current Ic increases. It will increase the voltage drop across the 
resistor Rc and reduces Vc. IB will then reduce too. As a result, Ic reduces. This self-
regulating action tends to reduce the amount that Ic increases as hpE increases and 
guarantees that the quiescent bias point is in the active region. 
• Vcc 
_ RBI ^ RC 
Vc 
VE 
< RB2 < RE 
Fig. 2.8 Emitter feedback biasing circuit 
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Fig. 2.8 shows one of the most frequently used biasing circuits. In this circuit, a 
resistor RE is connected in series with the device emitter. The voltage feedback 
provided by this circuit gives the best performance in hpE variations from device to 
device and over temperature variation. The resistor RE should be properly bypassed 
for RF. However, the bypass capacitor, which is parallel to the emitter resistor RE can 
produce oscillations by making the input port unstable at some frequencies. The 
following are the calculation steps of the resistance of the emitter feedback biasing 
circuit [6]. 
1. Determine the supply voltage Vcc and the transistor bias operation point 
(required VCE and Ic) 
2. Obtain the transistor parameter HPE and VBE in active region 
3. Select VE which is normally 10% to 20% of Vcc for best stability 
4. Then, we have, 
(2.19) 
ic 
Rc = ycc-’-VE (2.20) 
Ic 
厂 , = 厂 五 + 厂 朋 ( 2 . 2 1 ) 
5. By selecting 7^2 =皿3, we have, 
、 二 樂 （2.22) 
(2.23) 
Finally, RF chokes and bypass capacitors are added. 
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• Vcc 
< R c 
fRei b 
3 R F C 
R F C 
rvyy^ (—\] 
V B^ J > ^ 
VE 
\ Rb2 RF bypass 
f^ capacitor 
Fig. 2.9 A complete biasing circuit 
2.4.2 Feedback circuit design 
The oscillator design method is mentioned previously requires an unstable two-port 
network to be created. The instability of the network can be enhanced by adding a 
proper feedback circuitry. Fig. 2.10 shows a two-port network with series-feedback 
network. 
C H “ ~ k ) 
I Transistor ！ 
i [Za] i 
—• I I 
丨 Feedback I 
‘ Network ‘ 
s" ！ ！ S22 
Fig. 2.10 Two-port network using series-feedback network 
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Let [Za] representing the biased transistor's z-parameter and [Zf] representing the 
feedback network's z-parameter. 
= 卜 叫 (2.24) 
「Z 厂 Zf 
Z厂二 Z。 / / (2.25) 
L" Z Y � 
"i^ 〇[""[""[""""jo  
[-0 { 0-| [-Q； ;0-j 
-o； 1 ""O-l LQ； r "|0-
— o i i o — ——oi r | o — 
(a) (b) 
Fig. 2.11 Series feedback connection (a) common-emitter capacitive feedback, 
(b) common-base inductive feedback 
The transistor can be used as a common-base or common-emitter configuration as 
shown in Fig. 2.11. In the common-base configuration，an inductive feedback 
network connected between the transistor's base and the ground will be used. If 
common-emitter configuration is used, a capacitive feedback network connected 
between the transistor's emitter and the ground will be applied. 
The resultant z-parameter then equals to 
[Z] = [Z“] + [Z,]= “1 y 7 (2.26) 
_ZA21 十 Z / ^all 十之/一 
By converting the z-parameters to s-parameters, we have 
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z.A + B 
I 知 （2.27) 
ZfA + F 
、 2 = 知 （2.28) 
where 
^ = ^ cll + ^ a22 _ _ ^ all 
B = Z«iiZ“22 - Z«12Z“21 + ^all - 一 1 
^ = '^aU^all + +1 
^ = +Z“22 -Z“i2 +2 
F — ^ aW^all _ - ^ a\\ + ^ all - 1 
G = ZfE + D 
The relation of the feedback circuit impedance and its reflection coefficient can be 
expressed as 




a = E + D 
b = -{A + B) 
c = D-E 
d = A-B 
b'=-{A+F) 
d，=A — F 
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If the feedback circuit contains a single reactive component, the mapping of r, 二 1 
circle onto the Sn and S22 planes help to find a suitable feedback impedance to 
increase the instability of the two-port active network. Equations (2.30) and (2.31) 
are bilinear transformation. So, the centers and radii of the transformation are as 
follow. In the Sn plane, we have 
‘ _c*d-ab_AD*+BE* 
(2.32) 
_ \ad-bc\ _ \AD-BE\ 
� 
In the S22 plane, we have 
(2.34) 
< 
_ \ad'-b'c\ _ \AD-FE\ 
二 ! = 
v. 
Fig. 2.12 shows the mapping of the reflection coefficient of the feedback element 
on the Sii plane. In the figure, the Sn with maximum value o中 J can be obtained 
by the following equation 
ll(max) 
=忙i| + rJzC 丨 (2.36) 
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/ , — > 、 、 3 
/ 叫 、、，b 11 (max) 
X ^ X l X I BilinlTN, / 
Tf plane 
Sii plane 
Fig. 2.12 Mapping of the feedback element on Sn plane 
The pure imaginary impedance of the feedback network, which produces the 
maximum value of | can be obtained from equation (2.27) and it is denoted by 
_ . _ 万—乂l(max)乃 1 、 
Z/1 — y^Kmax) 一 飞 ^T—T (2.37) 
〜(max)t ~ ^ 
Similarly, S22 with maximum value of S22 is given by 
(max) ~ 
^Ql + r J z Q (2.38) 
Then, its corresponding Zf is 
Z/2 - 7^2(max) — ~ FITJ (2.39) 〜(max)E 一 A 
In the oscillator design, it is not necessary to always maximize the value of 
and 1^ 221. But the design procedure above shows that a suitable selection of the 
feedback network can increase the instability of the two-port active network. 
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2.4.3 Frequency tuning circuit 
In order to control the output frequency of the oscillator, it is necessary to replace 
the frequency determining component in oscillator by a frequency tuning element 
such as varactor diode. Fig. 2.13 shows a typical V C O circuit and its equivalent 
circuit with a simplified transistor model. 
ilN ib 
A C v "pCi I A C v - r C . !rb Q p i , 
• ZL • T 1 - ^ < Zl 
U C2+ ] � jL C2+ < 
ZiN ZjN 
(a) (b) 
Fig 2.13 (a) Typical VCO circuit, (b) VCO equivalent circuit 
The impedance Zin of the circuit can be expressed by the circuit equations 
ViN = (ilN - h + (hN + Ph (2.40) 
(2.41) 
Then, by combining (2.40) and (2.41)，we have 
V 1 r 1 
— = k (^Cl + Zc2) + (1 + y^ )] (2.42) 
hN 'A 
To simplify the analysis, by using p » 1 and r^  » Z。，we have 
z 1 ) 1 I 
^ ^ " T U ' V c z J ' H ^ ^ ^ J (2.43) 
From equation (2.43), the real part of the impedance is negative, which is a basic 
condition for oscillation. Besides, the oscillation frequency can be estimated by 
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, 1 lif 1 1 o 
f , = — — + ——+ —— (2.44) 
2 兀 M C 丨 Q C j 
Therefore, the oscillating frequency of the oscillator can be controlled by changing 
the capacitance Cy. 
The output frequency of the V C O under a specified turning voltage can be 
calculated if the characteristic of varactor is known. Usually, the voltage-to-
capacitance relationship of a varactor is expressed by 
C(Vr) = Co (2.45) 
where Co is zero-bias junction capacitance. A is constant, which represent the built-in 
junction capacitance. M is the grading coefficient determined by the doping profile. 
It is generally ranging from 0.5 to 2. 
In the practical circuit, the actually tuning range depends on the dc-bloeking 
capacitor also. For example, consider the following varactor resonator circuit. 
CDC_BLOCK 
VcTRL 0 • To the negative resistance 
SCv 
丨L 
Fig. 2.14 Varactor resonator with dc-blocking capacitor 
The oscillation frequency of the V C O becomes 
. 1 1厂 1 1 r 1 1 ) 
f。= ‘ 工 F + 厂 + ^ (2-46) 
Z/t y 1. L^i l^L厂 ^ DC_BLOCK J_ 
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As a result, the oscillation frequency will be reduced if Ci, C2 and Cv remain 
unchanged. Note that varactor diode may also be placed in the feedback path for 
frequency tuning purposes. The actual circuit design will depend on the required 
tuning range, tuning linearity, etc. 
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In modem communication system, frequency spacing between channels is so small 
that the close-to-carrier noise performance of RF oscillator becomes a major design 
consideration. In this chapter, the basic theory of phase noise in oscillators and its 
impact on the performance of communication system will be described. Some 
guidelines on designing low phase noise oscillator will be presented. 
3.1 Origin of phase noise 
The output of a prefect oscillator may be described mathematically by 
= A C O S K O (3.1) 
where Ao is the oscillation amplitude and co。is the oscillating frequency. However, in 
the real world, an actual oscillator will exhibit both amplitude-noise and phase-noise 
which can be represented by 
K-i (0 = k + (t)hos[o)j+e^ (0] (3.2) 
where an(t) and 0n(t) are random processes. In most cases, the noise amplitude is 
eliminated by non-linearity/AGC mechanism of the circuits, and hence may be 
neglected. Depending on the circuit involved, the amplitude noise is partially 
transformed into phase noise by AM-to-PM conversion effect. Therefore, we will 
focus on the phase noise in oscillators. In RF application, phase noise is often 
characterized in the frequency domain. For a realistic oscillator, the output signal 
appears as a continuous spectrum, centered at frequency coc with tails on both sides, 
as depicted in Fig. 3.1. Phase noise is usually quantified as the ratio of the noise 
power in a unit bandwidth at an offset Aco from coc to the carrier signal power: 
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(P^厂 
L(Aty) = 101ogio dBc/Hz (3.3) 
\ ) 
where B W is the measuring bandwidth. 
1 7 • CO 
— ! Aco 卜 
Wo 
Fig. 3.1 Output spectrum of real oscillator 
A well-known qualitative model of phase noise in oscillator was proposed by D. B. 
Leeson [7]. In the formulation, the oscillator is considered as an amplifier connected 
to a frequency selective feedback network with transfer function given by 
HUoO = ^ ^ ^ 
1 , / 私 叫 (3.4) 
I①。 J 
where QL is the loaded quality factor of the resonant tank. 
The closed loop response of the phase feedback loop is therefore expresses as, 
幼om、j①J : 1 
⑴ J ~ I-H{j CO J 
二 1 + ①。  
J^QlCO. 
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/ \ 
风)=1 + 純AJ①J (3.5) 
Hence, the output noise spectral density can be represented by 
「 1 广 / 丫 1 
K u M m ) 二 i + y r ^ ^ J & ( 人 ） (3.6) 
Now, consider that the amplifier with a noise figure F, then we have 
AT 
F = (3.7) 
GkTB 
where NQUT is the total noise output, G is the gain of the amplifier and kTB equals -
174dBm/Hz with a 1-Hz bandwidth. From equation (3.2), 0n(t) represents the phase 
noise, which is a zero mean stationary random process in time domain. The 
frequency domain information about phase or frequency variation is contained in the 
input phase spectral density SeiN(fm), which can be represented by 
.…FkTB 
(3.8) 
where Ps is the signal level at oscillator active element input. 
For a modulation close to the carrier, the phase noise spectrum shows a flicker or 1/f 
noise component, which is originated from the active device used. However, 
Leeson's linear model does not account for the effects of non-linearity on noise in an 
oscillator, which self-limits the oscillation amplitude and this noise component is 
empirically described by the comer frequency 
p ”、FkTB「1 fc \ 
= 1 + ^  (3.9) 
^S \ Jm 
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Finally, by the combining (3.6) and (3.9), the overall phase noise spectrum may be 
formulated by, 
r/f、 1「1 1 f fo ^^^FkTBf^ f^ 




——I i • 
• _ Log fm 
Fig. 3.2 Typical phase noise spectrum vs offset frequency 
A V C O design is usually a compromise among a host of conflicting requirements. 
The primary conflict is between tuning range and single-sideband phase noise. 
Obviously, V C O is a sensitive voltage-to-frequency device. If the V C O has larger 
the tuning range per volt, it is more sensitive to the control voltage. Therefore, the 
V C O is more sensitive to the noise generated in the control path, which will degrade 
the phase noise performance. 
If a varactor is used to tune the VCO, noise on the dc voltage applied across the 
diode varies the tank capacitance and therefore varies the resonance frequency. This 
phenomenon can be considered as "frequency modulation" and translates low-
frequency noise components in the control path to the region around the carrier. 
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A simple mathematical treatment [8] of the relation between the tuning ability and 
the phase noise performance may be obtained by considering the mean square noise 
voltage generated by the varactor in a 1-Hz bandwidth is given by 
厂 ( 3 . 1 1 ) 
where Rem* is the effective noise resistance of the varactor typically few ohms to 
lOkQ. The peak phase deviation in a 1-Hz bandwidth, which results from the 
varactor noise resistance is 
e r — 竿 (3.12) 
J m 
where Kv is the V C O gain constant in Hz/V. Therefore, the single-sideband phase 
noise caused by the varactor is 
f f) \ ( K V ^ f ) IrTJ? K 1、 
L(fJ = 20log 々=201og -f^ =101og - - (3.13) 
Subsequently, the expression for phase noise may be modified as: 
Z Jm y ^s V Jm J Jm 
、 L 」 一 
From the equation above, we can see that, if the tuning power of the V C O is higher, 
the phase noise performance will be poor. The effect of this type of noise becomes 
more prominent as cOm decreases, making 1/f noise in the control path particularly 
detrimental. 
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3.2 Impact of phase noise in communication system 
In order to study the effect of phase noise in RF communication system, consider 
the block diagram of a typical transceiver in Fig. 3.3. In the transmit path, the 
baseband signal is up-converted to the carrier frequency (RF) signal before it is 
radiated. In the receive path, the received RF signal is mixed with local oscillator 
(LO) and down-converted to an intermediate frequency (IF) before further 
processing. In practice, phase noise associated with the local oscillator can degrade 
the quality of the demodulated signal. 
V Signal ； ^ ^ 
• L N A > — — • Band Pass _ J ^ - ^ ^ IF 
Filter Signal 
^ ^ Duplexer Local 
I Filter Oscillator 
k. I j  
^ Band Pass I IF 
Filter ^ Signal 
Fig. 3.3 Block diagram of the generic transceiver 
As illustrated in Fig. 3.4, the LO exhibits finite phase noise and there exist a large 
interferer in an adjacent channel. When the wanted signal and the interferer are both 
mixed with the LO output, the IF band will consists of two overlapping spectra. The 
wanted signal will suffer from significant noise due to the trail of the interferer. This 
signal-degrading phenomenon is called reciprocal mixing. 
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I 
Interferer k ^ ^ 
Downcon verted \ || 1 ^ '"'^utput 
IF Signal A Wanted \ \ 
： 一 V f A ^ 、、、 7) 一一， ^ CO CO2 、、、 COi COo 
^ I F b a n d ^ ^ RFband ^ 
Fig. 3.4 Reciprocal mixing in actual downconversion 
Phase noise of the LO also causes problem in transmission. Suppose there is a 
noiseless receiver wanted to detect a weak signal. However, there is a transmitter, 
which has a LO with phase noise, generating signal near this weak signal. Then, the 
phase noise tail of the transmitter corrupts the wanted signal. Since the channel 
spacing of nowadays communication system becomes closer and closer. This 
phenomenon may degrade the sensitivity of the system. 
The LO phase noise also corrupts the information carried in the phase of the carrier 
such as QPSK signal. The phase noise may limit the maximum bit error rate, which 
the system can achieve. 
I 
Nearby /1 \ 
Transmitter / ! 1 
\ / j 丨 Wanted 
/ 1 \ Signal 
y i V 
~乙 ‘ ^ CO 
Fig. 3.5 Effect of phase noise in transmitter 
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3.3 Phase noise consideration in VCO design 
After knowing the phase noise formulation and its effect on communication, its 
time to have a summary on how to design a low phase noise voltage controlled 
oscillator. The following expression suggested that the phase noise may be lowered 
by, 
丄(/J = iQl�44l + "^f 丄丫 1 翌+斗•， 
2 fm K^Ql J ^S V fm) fm 
、 L 」 > 
1. Increase the loaded Q (QL) of the oscillator. It can be achieved by using 
components with higher unloaded Q (QL). 
2. Run the oscillator at higher power levels (Ps). 
3. Choose an active device with the lowest possible flicker comer frequency 
(fc). Minimizes flicker noise using proper circuit design techniques. 
4. Select a device and a circuit topology with a low noise figure (F). 
5. Select a proper bias point for the active device. Precaution should be taken to 
prevent the modulation of input and output dynamic capacitances of the 
active device by circuit noise 
6. Low noise power supplies must be used. 
7. For a given range of the tuning voltage, reduce the value of Kr. 
8. Select a varactor having a lower effective noise resistance. 
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Low Temperature Co-fired Ceramics (LTCC) [9] was considered as a potential 
solution in the new integrated packaging technology from the combination of thick-
film and low-temperature co-fired dielectrics. The development of such a hybrid 
approach was first proposed by engineers at Hitachi's Production Engineering 
Research Laboratory in 1981. Hughes Aircraft Company also proposed an internal 
research program to develop a new system using a ceramic dielectric based on thick 
film materials in the same year. Early efforts in the United States involved DuPort, 
Electro-Science Laboratories and Thick Film Systems, later Ferro. LTCC have many 
advantages in the application of RF and microwave electronic. Now, this technology 
becomes much more mature and it becomes available for both commercial and 
aerospace applications. In the following sections, the properties of LTCC, fabrication 
process, and passive element realization in LTCC will be described. 
4.1 LTCC process 
LTCC is a multilayer ceramic packaging technology. A number of ceramic tape 
layers are fired to form a multilayer module. Conductive patterns are printed on 
individual layers and the connections between layers are processed by buried 
conductive vias. The number of layers can be as high as 50 type layers. It has a 
unique ability to integrate passive components such as resistors, capacitors and 
inductors into a single package. Distributed microwave structure such as micro strip 
and stripline may be employed as well. Furthermore, active devices such as 
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transistors, diodes can be mounted on the top surface of the LTCC module. Fig. 4.1 
10] shows a typical LTCC RF circuit. It shows a concept for an integrated LTCC 
module for use in cellular wireless phones presented by National Semiconductor. 
Typical RF Circuit 
ui； i^ g 
/ Bmtm% Mmmic mm^ (SAi^ i Filter 
H _ ^ 突 D t a t t e D e v l c t s 
‘.....J..... . fvluUil ayer Ceramic 
、 __ \ With Buried Circuitry 
F reedthroup 彳 \ (Le.,. resonators, filter's, 
亂 JC \ cap 為 ctofs,"》 
B 繊band Pr<H： ess or IC 
Fig. 4.1 A typical LTCC RF circuit presented by National Semiconductor 
4.1.1 LTCC fabrication process 
Fig. 4.2 [10] shows a manufacturing flow for a LTCC product presented by 
National Semiconductor Corporation LTCC Foundry: 
1. First, the green tape of the ceramic material is inspected and then baked at 
120°C for 30 minutes in the pre-condition process. 
2. LTCC products begin with blank and frame. The tape is cut into suitable size 
and mounted to a metal frame, which is used for automation process. 
3. Interconnections between layers of green tape are provided by via holes. 
They are formed in each layer by using the high-speed punches and then 
filled with conductive metal paste. 
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4. Metal conduction on each layer is printed by screen printing. 
Green Type ~ • Precondition — ^ Blank & Frame  
_ ^ ^ I 各 I I , I ~ ^ ~ ^ 
Layer 1 Layer 2 Layer 3 Layer 4 Layer n 
V V ； V 丁 
Punch Punch Punch Punch Punch 
T 丄 i i i 
Fill vias Fill vias Fill vias Fill vias Fill vias 
I + i i … r 
Conductor Conductor Conductor Conductor Conductor 
Printing Printing Printing Printing Printing 
_ _ I I ^ _ i _ 
Visual Visual Visual Visual Visual 
Inspection Inspection Infection Inspection Inspection 
“ i ' ' i " i ' i 
^ Collate/Laminate - • Green Cut Co-firing Electrical Test ->• Final Inspection 
Fig. 4.2 Manufacturing flow for a LTCC 
5. Visual inspection is performed. If failure is found, only the defected layer 
needs to be fabricated again. 
6. The inspected layers are aligned and combined together into a stack. 
7. The aligned layers are then laminated under pressure and suitable 
temperature. 
8. Following lamination, the bonded stack can be shaped by a green cut system. 
9. The ceramic structure is then co-fired at approximately 850°C in a carefully 
controlled atmosphere. 
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10. After completed the co-firing and post-firing operations, the product will be 
fully tested for electrical opens and shorts and inspected according to the 
applicable standards. 
In this scheme, hole punching and tape sizing operations are done to the various 
types in parallel and the defected layers will be replaced. It helps to increase the yield 
of the product and reduce the manufacturing cost. 
4.1.2 LTCC materials 
The material used in the production of LTCC circuits can be divided into two 
aspects. They are conductive material and ceramic material. 
Metal Resistivity (|LIQ/cm) Melting Point (�C) 
Silver (Au) L ^ m 
Copper (Cu) L72 
Gold (Ag) l 4 4 
Table 4.1 Physical properties of common used metals in LTCC 
In traditional co-firing processing, the co-firing temperature usually exceeds 1400-
1500°C. Therefore, high conductive conductor with low melting cannot be used. In 
the co-firing process of LTCC, the relatively low temperature (<950°C ) allows the 
use of these highly conductive metals. Table 4.1 lists some commonly used metals in 
LTCC fabrication. Usually, silver is used as the buried conductor because of its 
lower conductive loss comparing to copper and lower cost comparing to gold. The 
surface materials are a combination of platinum or palladium silver or gold. In order 
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to provide a good wire-bonding medium in integrated circuit mounting and better 
interconnection to the measurement system, gold is usually used as the surface 
conductor. 
There are several ceramic materials available for LTCC fabrication [11]. They are 
DuPont 951, DuPont 943 from E.L du Pont de Nemours and Company and Ferro 
A 6 M from Ferro Corporation. Table 4.2 lists some physical properties of these three 
materials. Generally speaking, the ceramic material used in LTCC have the dielectric 
constant varies from 5 to 300 and loss tangent varies between 0.001 and 0.005. 
Among these three materials, DuPont 951 is more popular. It has a more selection on 
the substrate thickness that makes the circuit design more flexible. 
Property DuPont 951 DuPont 943 Ferro A 6 M ^ 
Thickness selection 1.7, 3.5, 5.1 7.8 mils 4.4 mils^1.5,3.7, 7.3 mils 
Dielectric constant T75 53 
Breakdown voltage > 1000 V/mil > 1000 V/mil > 1000 V/layer 
Surface roughness 0.7 |Lim 0.7 脾 ---
Table 4.2 Ceramic material properties 
4.1.3 Advantages of LTCC technology 
LTCC have many advantages in the application of circuit [9]. They are listed below, 
(a) Improve circuit reliability 
The co-fired LTCC ceramic structure is mechanically strong, hermetic, 
chemically inert and dimensionally stable. The electrical conductors are buried 
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inside the ceramic structure. It can greatly reduce the risk of shorts due to 
environmental moisture, dirt and other hostile factors. Besides, the circuit trace 
definition in the co-fire process is considered to be more exact than other 
technologies, this factor results in a lower rate of electrical failure. 
(b) The high density interconnect solution 
LTCC offers the capability of finer pitch, over many more layers. It has such 
distinct advantage because each layer is processed separately and maintains its 
resolution through the part. The high density of lines throughout the part and 
small vias makes the possibility of very high interconnect density. It is also able 
to provide RF grounding and shielding throughout the interconnect structure. 
(c) Cost and size reduction 
Integration of passive components is a clear advantage of LTCC. Since the 
passive components are integrated, lumped components integration and assembly 
steps are reduced. Although the production cost of the LTCC structure is still 
high now when compare to the FR4 PCB, the cost different between these two 
technologies will become less and less. 
(d) Low loss at microwave frequency 
The loss tangent of LTCC is low. For example, DuPont 951 have loss tangent 
around 0.002 at GHz region. This property is very useful for integrating inductor 
and resonators with high quality factors (Q) at high frequency. 
(e) Constant dielectric constant over a larger frequency range 
The dielectric constant of the LTCC ceramic material is very stable over a large 
range of frequency. Fig. 4.3 [12] shows the ceramic material variation with 
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frequency of several ceramic materials. The variation of the dielectric constant of 
DuPont 951 is only 0.2 over 20GHz. 
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Fig. 4.3 Variation of dielectric constant of DuPont 951 with frequency 
4.2 Passive components realization in LTCC 
One of the important applications of the LTCC is the implementation of buried 
component inside the substrate. Here, the ways to realize these components will be 
presented. 
4.2,1 Capacitor 
Capacitors can be implemented in printed circuit board (PCB) in many different 
ways such as parallel plane capacitor or planar interdigital capacitor. In LTCC, the 
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number of layers can be much larger than traditional PCB. Multilayer capacitor is 
another possible implementation method. 
^ 
(a) (b) (c) 
Fig. 4.4 Capacitor realization 
There is a very simple equation to calculate the capacitance of a parallel plate 
capacitor. 
C = 宇 (4.1) 
a 
where A is the overlapping area of the parallel plate. 8。is the free space dielectric 
constant (or permittivity), which is equals to 1——-F/m. er is the relative 
36;rxl0 
dielectric constant of the substrate. However, equation (4.1) is only a rough 
estimation of the capacitance because it does not consider the effect of fringing 
capacitance. In order to have a calculation result closer to the real case, a numerical 
analysis [14] is needed. In this analysis, the parallel plane capacitor is considered as 
two conductive plates located at z = d and z = -d respectively as shown in Fig. 4.5. 
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Fig. 4.5 Numerical analysis of parallel plane capacitor 
Consider the upper plate in Fig. 4.5 first, assume the plate has zero thickness and the 
surface charge density of the plate is represented by a(x', y，). Then the electric 
potential (t)(x, y, z) of a point P(x, y, z) in the space contributed by the plate can be 
represented by 
^(x,y,z)=(dx^r d y ^ ^ f ^ (4.2) 
J—/ j-w AksR 
where R. = •x-x'f +(y-yf +(z - z'f 
By considering the boundary condition of the plate, we have 
V = U'f dy I 列 ( 4 3) 
The capacitance of this single plate structure is obtained by the total charge on the 
plate over the potential of the plates. Then, we have 
C = * = (4.4) 
y y J-H' z 
Now, divide the plate into N smaller sub-section (cells ASp). By assuming the charge 
distribution of the each plate is uniform, o can be represented by 
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(4.5) 
n=\ 
f 1 on the cell AS _ 
where /„ = . 
0 on all other cell � 
Therefore, (4.3) can be re-written as 
V = j^LnOCn (4.6) 
n=\ 
where m = 1,2, N and 
Ln = \dy (4.7) 
In the special case of a single plate case, where w=l, Imn can be solved and we have 
——ln(H-V2) for 
m = n 
Ln = (4.8) 
, for m n 
Now, re-write (4.4) and using equation (4.8), the capacitance of a single plate is 
solved. 
(4.9) 
^ '1=1 /i=i 
where ASn is the area of a cell on the plate 
In finding the capacitance of the parallel plate capacitor with plate separation 2d, 
similar approach is used. But the formulation becomes more complex. Here, the total 
number of cells is doubled. Two plates instead of one contribute the electric 
potential. The boundary condition becomes different. As a result, some key equations 
in single plate case can be use here but need modification as follow 
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f j x ' f j y , 冲丨,少丨 
“ -X'f+iy- y f + (z - d'Y (4.10) 
+ f 办’ r d y ~ 冲丨,少'’— 
2N — for m = n 
T j n A = 2 厂 (4.11) 
for m n 
I 2 
Imn becomes a 2Nx2N matrix operation 
「[/"][产]1 
17 1 = L m"」L w«」 /^Zl 19、 
LwnJ rrZ>? -j rjbb "j 
mn J L mn」_ 
where t denotes “top plate" and b denotes “bottom plate". The matrices on the 
diagonal are signal-plate matrices. Therefore, I" and 严 equal the equation obtained 
in (4.8). The two off-diagonal sub-matrices are plate-to-plate matrices and must be 
equal and we have 
0.282 \ K ( l d ^ ^ 
(2w') ^  1 + for m = n 
1 1 = 1 1 A “ 〜 如 J 广 (4.13) 
^ 
1 - for m 关 n 
、 - + Cy, — j O ' + 
Finally, the capacitance is calculated by 
C = 4w’22(/"-/,.;1 (4.14) 
mn 
The calculation above can only estimate the capacitance in ideal case. W e cannot 
easily find the parasitic components. By the way, an electric equivalent model is 
introduced to represent a capacitor. The parasitic components are found by curve 
41 
Chapter 4 Low Temperature Co-Fired Ceramic (LTCC) 
fitting. Fig. 4.6 shows two commonly used models for one-port and two-port 
capacitor respectively. 
Rp Rp 
p V W ^ r^VW-l 
L R s L R s L  
I I — — — — V W ~ C^^W^N I I — — — — V W ~ N N R R ^ 
c c 十 y C 2 
(a) (b) 
Fig. 4.6 LTCC capacitor electrical model (a) one-port model, (b) two-port model 
In the model above, C is the main capacitance. Ci’ C2 and L represent the parasitic 
capacitance and inductance respectively. Rs models the conductor loss and Rp models 
the dielectric loss of the substrate. 
4.2.2 Inductor 
Circuit board printed inductors have many different form of realization. They can 
exist as an open-end or short-end transmission line. The circular spiral inductor is the 
technique of forming planar inductor in a small space. The square spiral inductor is 
an easy-layout version of circular spiral inductor. Meander line structures are used as 
resistive elements, inductors and delay lines. Fig. 4.7 shows three types of inductors. 
In high frequency application, the estimation of the inductance should be done 
numerically. However, the numerical calculation of inductance is a very complicated 
task. In this section, some simple formula for various types of inductor will be given 
to obtain an initial design of the planar inductors. 
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Fig. 4.7 Inductor realization 
Fig. 4.7(a) is a rectangular strip in free space, far from other conductors or 
magnetic materials. This kind of inductor is used for low inductance values typically 
of the order of 2 to 3nH. Its inductance is then given by [15] 
,( I W + 
=5.08x10-'/ In—^ + 1.193 + 0.2235^^^ (4 15) 
丨 、W + t I J 、~ 
where Li is measured in nano-henries and all the dimensions are in mils. 
Fig. 4.7(b) is a spiral inductor. This kind of inductor can provide higher inductance 
values and usually have a higher value of Q. Its inductance with n turns can be 
written as [15] 
L, =O.Olm'a In — + — f - 1 fin — + 3.5831-- (4 16) 
c 24[aJ L c j 2 � “ 
where a = (。？ ) and c = — — • Ls are measured in nano-henries and all the 
4 2 
dimensions are in mils, do and di are the outer radius and inner radius of the spiral 
inductor respectively. Another simpler expression [15] given by Wheeler, which can 
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obtain numerical values that are within a few percent of (4.16) over most of the range 
are given by, 
+ (4.17) 
The following are some guidelines in the design of spiral inductors [15] 
1. The spiral should have the widest possible line in order to keep the overall 
diameter small. This also implies that the separation between the turns should 
be as small as possible. 
2. There should be some space at the center of the spiral inductor. It allows the 
flux lines pass through and therefore increases the stored energy per unit 
length. It has been pointed out that the ratio of the inner radius to the outer 
radius equals to 1.5 can optimizes the value of Q. 
3. It has been shown that for the same outer radius, the Q of a circular spiral 
inductor will be higher than that of a square spiral inductor although the 
inductance is significantly less. 
4. Multi-turn coils have higher Q because the inductance is higher per unit area. 
However, it will cause inter-tum capacitance and reduces the self-resonance 
frequency. 
Fig 4.7(c) is the inductor implemented by meander line. The opposite current flow 
in the adjacent conductors of the meander line will reduce the total inductance 
compare to the straight strip inductor with an equivalent length. The resultant 
inductance is the combination of the straight strip inductance and the mutual 
inductance. Let's consider the simplest case with two strips only as shown in Fig. 4.8. 
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T"" — — 
b d 
Fig. 4.8 Return circuit of parallel rectangular inductor 
The inductance of the two straight strips can be found by equation (4.15). The mutual 
inductance of the structure is [16] 
(2】 J ^ 
= 0.002/ I n 一 一 + (4 18) 
d I 4r J 
Here, the value of k is related to t, b and d and may be obtained from Table 2 of 
Grover [17. 
The total inductance is then calculated by 
(4.19) 
Likes capacitors, LTCC inductors also contain many parasitic elements, which can 
be represented by an equivalent electrical model as shown in Fig 4.9. 
Co Ce 
“ ” 
L R L R 
o ^ ^ W V ^ o r^ \j\l\j O 
==c丨 -[-Ci ==C2 
一 ••圓 
(a) (b) 
Fig. 4.9 LTCC inductor electrical model (a) one-port model, (b) two-port model 
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In this model, L represents the main inductance. Q is the coupling capacitance, 
which models the inter-winding coupling. Ci and C2 are the parasitic capacitance and 
R models the conductor loss. 
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Resonant circuits are of great importance for oscillator circuits, frequency filter 
networks, etc. Electric resonant circuits have many features in common, and it will 
be worthwhile to review some of these by using a conventional lumped-parameter 
RLC series network as example. In this section, the use of transmission line sections 
will be studied. Since Q of these resonators is interested, lossy transmission lines 
must be considered. 
5.1 Definition of Q-factor 
An important parameter specifying the frequency selectivity, and performance in 
general, of a resonator circuit is the quality factor, or Q. A very general definition of 
Q that is applicable to all resonant system is 
Q _ co{i\mQ - average energy stored in system) ^ ^  
energy loss per second in system . 1) 
Near resonance, a microwave resonator can usually be modeled by either a series or 
parallel RLC lumped-element equivalent circuit, some of the basic properties of such 
circuits will be derived below. 
A series RLC lumped-element resonant circuit is shown in Fig. 5.1. The input 
impedance is 
ZiN 二 R + jcoL-j~^ (5.2) 
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R    
J ‘ > 
0 1 
Fig. 5.1 Series resonant circuit and its input impedance against frequency 
The resonant frequency coo is defined as, 
� � ( 5 . 3 ) 
Q is measure of the loss of a resonant circuit. Lower loss implies a higher Q. For the 
series resonant circuit of Fig. 5.1, the Q can be evaluated using 
2:丛=丄 
R co^RC 
which shows that Q increase as R decreases. 
N o w consider the behavior of the input impedance of this resonator near its 
resonant frequency. W e let co = co^+ l^ co, where Aco is small. The input impedance 
can then be rewritten from (5.2) as, 
+ Jo^lU 一 -4—] = R + - 2 叫 (5.5) 
V CO LCJ [ Q)^ J 、 7 
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。 丄 . I R Q & c o 
… ( 5 . 6 ) 
o 
A plot of ZiN as a function of — is given in Fig. 5.1, and is a typical resonance 
�� 
curve. When |Z,」has risen to 1.414 of its minimum value, the corresponding value 
of Aco is found to be given by, 
CO 
or =苗 (5-8) 
The fractional bandwidth B W between the 1.414R points is twice this; hence, 
Q = =丄 (5 9) 
^ 2Aco BW ^ ^ 
This relation provides an alternative definition of the Q; that is, the Q is equals to the 
fractional bandwidth between the points where is equal to 1.414 of its 
minimum value. 
Resonator ^ 
circuit Q > L 
Fig. 5.2 A resonant circuit connected to an external load, RL 
The Q defiined in the preceding sections is a characteristic of the resonant circuit 
itself, in the absence of any loading effects caused by external circuity, and so is 
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called the unloaded Q. In practice, however, a resoant circuit is invariably coupled to 
other circuitry, which will always have the effect of lowering the overall, or loaed Q， 
QL, of the circuit. Fig. 5.2 depicts a resonator coupled to an external load resistor, RL. 
If the resonator is a series RLC circuit, the load resistor RL adds in series with R so 
that the effective resistance is R + RL. If the resonator is a parallel R L C circuit, the 
load resistor RL combines in parallel with R so that the effective resistance is — . 
R + Rl 
If we define an external Q, Qe，as 
^ ^ for series circuits 
Qe=\ ^ (5.10) 
~ Y for parallel circuits, 
then the loaded Q can be expressed as 
1 1 1 
a ^ r e (511) 
5.2 Stripline 
The geometry of a stripline is shown in Fig. 5.3. A thin conducting strip of width 
W is centered between two wide conducting ground planes of separation b, and the 
entire region between the ground planes is filled with a dielectric. 
Ground . yk 
i 
/ / ~ 
Ground plane 
Fig. 5.3 Stripline transmission line 
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Since stripline has two conductors and a homogeneous dielectric, it can support a 
T E M wave, and this is the usual mode of operation. Like the parallel plate guide and 
coaxial lines, however, the stripline can also support higher order T M and TE modes, 
but these are usually avoided in practice (such modes can be suppressed with 
shorting screws between the ground planes and by restricting the ground plane 
spacing to less than 入/4). Intuitively, one can think of stripline as a sort of "flattened 
out" coax --- both have a center conductor completely enclosed by an outer 
conductor and are uniformly filled with a dielectric medium. Since we will be 
concerned primarily with the T E M mode of the stripline, an electrostatic analysis is 
sufficient to give the propagation constant and characteristic impedance. An exact 
solution of Laplace's equation is possible by a conformal mapping approach, but the 
procedure and results are cumbersome. As mentioned above, Laplace's equation can 
be solved by conformal mapping to find the capacitance special function, so for 
practical computations simple formulas have been developed by curve fitting to the 
exact solution: 
= — = (5.12) 
p 
Z - 30;r b 
^W^+0A4\b (5.13) 
where We is the effective width of the center conductor given by 
W 
rr, r" 0 for —>0.35 
W^ W b 
r W (5.14) 
^ 。 0.35-— for —<0.35 
II bj b 
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These formulas assume a zero strip thickness, and are quoted as being accurate to 
about 1% of the exact results. 
5.3 Power losses 
Two separate mechanisms can be identified for power losses associated with 
stripline: 
a) conductor losses 
b) dissipation in the dielectric of the substrate 
Both conductor and dielectric losses can be lumped together for the purposes of 
calculation and embodied as the attenuation coefficient (a). Considering a fictitious 
stripline resonator, which does not radiate or propagate surface waves, the dissipative 
losses may also be interpreted in terms of a Q-factor as defined by the following 
expression: 
e = T (5.15) 
where U is the stored energy and W is the average power lost per cycle. 
W e now provide the relationship between a and Q: 
2 = £ (5.16) 
The phase coefficient (3 is identical to ——and hence (5.16) finally becomes 
2 二 i (5.17) 
o 
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In this important result it must be noted that a is in units of Nepers per meter (1 Np 二 
8.686 dB) 
Since stripline is a T E M type of line, the attenuation due to dielectric loss is of the 
same form as that for other T E M lines. The attenuation due to conductor loss can be 
found by the perturbation method or Wheeler's incremental inductance rule. An 
approximate result is 
f2.7x10"^£ Z 厂 
, V 。 for J T Z , < 120 
H O . L 6 3 R ( “ ： N P M ( 5 . 1 S ) 
I Zob 
•‘k ^ ^ 2W \ b + t^ (2b-
with A = \ + + In , 
b-t nb-t 、 t J 
D 1 b f w 0.414/ 1 1 AttPF] 
5 = 1 + 7 r 0.5 + +——In , 
(0.5炉+ 0.7/八 W iK t ) 
where t is the thickness of the strip. 
5.4 Laminated stripline resonator design 
At high frequency, usually in the range 100 to 1000 MHz, short-circuited or open-
circuited sections of transmission line are commonly used to replace the usual 
lumped LC resonant circuit. Typical values of Q range from several hundred up to 
10000. As contrasted with low-frequency lumped-parameter circuits, the practical 
values of Q are very much higher for microwave resonators. By means of 
transmission line analysis, it is readily verified that an open-circuited transmission 
53 
Chapter 5 High-Q LTCC Resonator Design 
line is equivalent to a series resonant circuit in the vicinity of the frequency for which 
it is an odd multiple of a quarter wavelength long. The equivalent relations are 
；I 
l = ~j~ at COb (5.19) 
4 
口 ( , .Aco ；rV 
Z,況=od + J-—- (5.20) 
V o ) 
0 1 
Z i N Z c = f L o 
〇 0 
= = C o 
0 
Fig. 5.4 Open-circuited transmission-line resonator 
For a line in a circuit board, a micro strip line has the simplest structure. However, 
the micro strip line opened to the air radiates electromagnetic wave at discontinuous 
parts such as bends and branches. The coplanar waveguide, constructed by signal 
lines and grounds on the same plane, also radiates in the same way to a micro strip 
line, and transmission characteristics are worse than a micro strip line. 
Concerning a miniaturization, however, the line should be embedded in a substrate 
and should have low insertion loss. Such a typical line is a triplate line. Since the 
trip late line has a symmetric structure, it does not radiate electro-magnetic wave at a 
bending point. It is well known, however, that parallel plates modes occur on the 
triplate line at a feeding point. Several studies have been conducted on restraining the 
phenomenon. 
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Waveguides have the best transmission characteristics among many transmission 
lines，because they have no electromagnetic radiation. Waveguides, however, are 
impractical for circuit boards and packages for two major reasons. First, the size is 
too large for a transmission line to be embedded in circuit boards. Second, 
waveguides must be surrounded by metal walls. Vertical metal walls cannot be 
manufactured by lamination techniques, a standard fabrication technique for circuit 
boards or packages. 
Recently, an idea of making a waveguide in a dielectric sheet has been reported 
18]. The new waveguide is a dielectric waveguide constructed of two sidewalls of 
lined via-holes. According to this structure, the waveguide can be built in a circuit 
board by a traditional technique for making circuit boards. The size of the waveguide 
can be reduced using a high dielectric material. 
The post-wall can have electric current flow only in the vertical direction. Namely, 
it can reflect the vertical component of electric field, but not the horizontal direction 
along the wall. Post-wall waveguide has no problem for the case of TEio mode using 
post-walls as E planes, since the traveling electromagnetic wave has only the vertical 
component of electric field. However, the waveguide can have horizontal 
components of electric field at the feeding and three-dimensional connection points, 
then electromagnetic waves will leak at these points. Other authors have introduced a 
new transmission line structure that does not have the above problem. The new 
transmission line is manufactured using lamination technologies; consequently, it is 
named the laminated waveguide. The schematic diagram of the laminated waveguide 
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is shown in Fig 5.5. Vertical walls of laminated waveguides consist of filled via-
holes and edges of conductive layers. 
Por t 
« “ 7 
Via-hole / / 
Pitch Sxztfy"^  "“ \ 
fe^ ；A Port ... ........IFT^^ Coadnctn. 
17=11 丨 Layers 
Fig. 5.5 Schematic diagram of laminated waveguide 
Wavegudie structure can be manufactured by standard lamination techniques. 
Here, conductive layers playing the role of upper and lower walls are called main-
condcutive layers, and that of a part of sidewalls as subconductive layers. In this 
structure, the vertical walls have a mesh structure and are able to reflect all 
components of electric field. 
Electromagnetic simulation has been carried out to investigate via-hole pitch size 
dependencies on the transmission characteristics of the dielectric waveguide. The 
electromagnetic wave does not leak from the waveguide of a via-hole pitch smaller 
than a quarter wavelength. 
Although the electric field is perpendicular to sidewalls, it is found that 
electromagnetic waves transmit in the laminated waveguide. These sidewalls 
consisting of mesh structure can cause the electric current to flow in the vertical and 
horizontal directions, so electro-magnetic wave does not leak from the sidewalls. If 
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these side walls do not have subconductive layers, the electromagnetic wave will 
leak. 
Laminated waveguides are made using LTCC for experimental studies. The 
substrate material is a 15-layer LTCC, each layer is 3.6 mil thick. The ground planes 
and striplines are made of DuPont 6145D, a silver ink. In traditional stripline 
resonator, the stripline is at the center of the media. The laminated resonator is 
composed of 12 dielectric layers and 13 metal plates corresponding to the H planes 
of the waveguide. The diameter of via-holes is 5.2 mils. For signal I/O, a feeding pin 
is set and attached metal piece in the upper conductive layer as shown in Fig. 5.5. 
The feeding pin is located a quarter wavelength apart from the end of an open-ended 
stripline. The "keyhole" shape pattern on the upper main-conductive layer is adjusted 
to the size of conducting probes. The feeding pin is attached to the metal piece in the 
center of the pattern. 
5.4.1 XI4 resonator structure 
The stripline as shown in Fig. 5.6 is essentially a printed circuit version of the 
coaxial transmission line. 
~ Stripine thickness —-1 
w 
Fig. 5.6 stripline resonator in LTCC 
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In the design procedure, the length of the XIA line should be determined first. Since, 
the dielectric support material is on both sides of the stripline conductor, the guide 
wavelength 入g is therefore equals to the free-space wavelength XQ divided by the 
square root of the dielectric constant 8 of the stripline support material. 
Subsequently, the length of the stripline can be calculated by 
,义， ；1。 3x108 
(5.21) 
The width of the stripline is related to its characteristic impedance, which can be 
found by [19] 
广 f— 
^ 30 1 1 4 2h-t 8 2h-t If 8 Ih-tX … 
+ ——i - + A ——-+6.27 (5.22) 
� L —'> 
where 
W _ w Aw 
2h-t_ Ih-广 2h-t (5.23) 
Aw X , 1, f X V f 0.0796X V 
= 乂 1——In + } (5 24) 
2h-t 7r(l-x) 2 ^2-xJ ywl2h + \.\x) 、•) 
� ‘― �> 
2 
m  
1 , (5,25) 
3(1-X) 
x = (5.26) 
The effects of sidewalls may be ignored when their distance g from the stripline is 
1.5 times longer than the substrate height 2h. Otherwise, the characteristic impedance 
should be calculated by another set of equations [20]: 
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Z = ^  
o _ + 2 C / ( " 2 �f i + coth登]] (5.27) 
〜‘\-t/2h 7iCf(0) { 2hJ 
CJt/b) = - ^ - I n + ^ (5.28) 
】 n _2h-t t {Ih-tf 、 乂 
= (5.29) 
n 
^ ^ ^ Top and bottom ground planes are removed 
Fig. 5.7 IM stripline LTCC resonator 
Fig. 5.8 and 5.9 shows the electromagnetic simulation results of the resonator 
structure shown in Fig. 5.7. The diagram indicates that the resonant frequency of the 
resonator decreases as the line width increases as expected. Fig. 5.9 illustrates that 
the unloaded Q increases as the line gets wider up to a certain extend. Note that the 
unloaded Q is a strong function of substrate height due to a mixture of conductor 
losses. When the substrate height increases to a certain value, the unloaded Q will 
not give too much enhancement. 
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I 2.21 _ 
I 2.19 _ ^ ^ ^ ^ ^ ^ 
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Fig. 5.8 Simulated resonant frequency versus line width 
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90 1 1 —I 1 1 1 1 1  
8 10 12 14 16 18 20 22 24 26 
Linw width w (mil) 
Fig. 5.9 Simulated unloaded Q versus line width 
5.4,2 Meander-line resonator structure 
The conventional X/4 stripline resonator is quarter wavelength long which is not 
suitable for application with stringent circuit size limitation. The meander line 
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resonator shown in Fig.5.10 and 5.11 is a possible solution, which offer smaller 
physical length and a more reasonable aspect ratio. 
Shielding Measurement port 
Meander line V 
Top and bottom ground planes are removed 
Fig. 5.10 Meander-line resonator 
I I 50 mils I 
I 50 mils J "12 mils | 
280 mils |M 观 
-y I 
I 50 mils i I 
• 
292 mils 
Fig. 5.11 Top view and dimensions of the meander line resonator 
61 
Chapter 5 High-Q LTCC Resonator Design 
2.8 J — — — — 
2 7 - • - S e p = 1w (more compact) _ 
I - • ^ s e p = 2w 
0 2.6 卜 — 
> 4 一 sep 二 3w (less compact) 
1 2.5 -#-Stripline -
” • • ___ ii ； ^ ^ ^ ^ ^ ^ ^ 
2.1 i 1 1 1 1 1 -1 
12 14 16 18 20 22 24 26 
Line width w (mil) 
Fig. 5.12 Simulated resonant frequency versus line width 
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Fig. 5.13 Simulated resonator unloaded Q versus line width 
According to Fig. 5.12 and 5.13, if the physical dimension of the two resonator 
configurations is adjusted to give a similar resonant frequency value, the meander 
line structure seems to offer similar quality factor. 
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5.4.3 Bi-metal-layer resonator structure 
A possible way to improve the unloaded Q-factor of the resonator is the adoption 
of a thicker stripline conductor. However, the metal thickness in LTCC process is 
fixed by the foundry. Additionally, the conductor trace in the LTCC structure is 
formed by a screen-printing technique, thus the conductor thickness cannot be too 
thick for high-resolution printing of lines. In the process, the thickness is about 
12|im. This thickness is not much thicker than the skin depth at 2GHz and the 
conductor surface is very tough, therefore, the conductor loss is large. Although the 
conductivity of the metal used in LTCC processing is high, the Q of LTCC 
transmission line is low. So far，there are several methods that can improve this 
shortcoming. One option is multiple printing, but this method will reduce the line 
resolution. The other option is photo definition and etching, but this method will 
increase the cost. Therefore, a bi-metal-layer stripline resonator is proposed as 
depicted in Fig. 5.14 and 5.15. 
^ ^ ^ — 
^ ^ Top and bottom ground planes are removed i ‘ 
Fig. 5.14 Bi-metal-layer stripline resonator 
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I 飞 V -
/ Bi-metal-layer stripline 
Shielding formed by metal plate and vias 
Fig. 5.15 Side-view of the bi-metal-layer stripline 
The unloaded Q-factor of stripline is usually governed by the conductor loss related 
to the skin depth and current density. Skin depth is defined as the distance from the 
medium surface, over which the magnitudes of the fields of a wave traveling in the 
medium are reduced to 1/e，or approximately 37%, of those at the medium's surface. 
It can be expressed by, 
谷 = I 1 , ( 5 . 3 0 ) 
where Ocond is the conductivity of the conductor in S/m, |Li is the permeability in H/m, 
f is the operating frequency. 
The skin depths of good conductors are very small, especially at high frequencies, 
causing currents to reside near the conductor's surface. This subsequently results in a 
low conduction loss. 
In the stripline resonator, the skin depth of silver conductor used is given by, 
. 1 1 
o = I = = . =l.43jum 
yJ^ c^ondMf V^x6.17xl0'x4;rxl0~'x2xl0' 
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Note that the metal thickness ( 1 2 j L i m ) is much larger than this value, therefore the 
skin depth effect is not a limiting factor for conductor loss. It has been shown 
elsewhere that the bi-metal-layer configuration tends to give a more uniform current 
density distribution over the strip and thus effectively lower the conductor loss 
associated with the metal layer. The simulated results indicate that a 10-20% increase 
in Q is possible with the proposed resonator structure, as illustrated in Fig. 5.17 
2 . 2 8 -j — — — — — — - — — 
"•""Stripline 
2.2611— _ 
？ ""•"Bi-metal layer stripline 
0 2.24 
1 2.18 
2.14 i 1 1 1 1 1 1 1 1  
8 10 12 14 16 18 20 22 24 26 
Line width (mil) 
Fig. 5.16 Simulated resonator resonant frequency versus line width 
1 8 0 - r — — 
I 彻 ~ ^  
I 140 ——~ I 
^ / -•-Stripline 
130 _ 
/ —•~Bi-meta丨 layer stripline 
120 + 1 1 , , , 1 , , 
8 10 12 14 16 18 20 22 24 26 
Linw width (mil) 
Fig. 5.17 Simulated unloaded Q versus line width 
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In summary, the typical Q of LTCC transmission lines is too low to be used in 
resonator applications. Therefore, developing the LTCC transmission structures for 
higher Q is essential in designing an integrated V C O module. The following 
conclusions are made from the simulation result based on various stripline resonators 
obtained by IE3D: 
1) Q is higher in wider transmission line cases, but it will saturate to some 
value. 
2) Q is higher in thicker substrate cases. 
3) Q is higher in bi-metal-layer stripline, if the thickness of the conductor is 
much larger than skin depth. 
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Chapter 6 LTCC Voltage Controlled Oscillator 
Design 
6.1 Circuit design 
In the design of the voltage controlled oscillator, the silicon bipolar transistor 
HBFP-0450 from Agilent Technologies is used because of its low noise 
characteristic. In order to have a stable biasing condition for the transistor to achieve 
a stable oscillation, the biasing circuit configuration 5 described in chapter 2 is 
applied. The V C O is configured as a Clapp oscillator. Tuning is accomplished by 
applying a voltage across a varactor diode. A schematic of the V C O is shown in Fig. 
6.1. 
V A • Vcc 




HBFP0450 r ？ ™ - - D C block 
Stripline /"pv i~~|_nnnrv_j_nnnn__； 1| j 
resonator ^ ^ | 丄 丄 丄 | j 
= = � 2 i 去 去 去 i 去 
RFC i T Cb ？ rrrr^ ^ v 
_ _ p • VCtrl 
i T 知V " c 
Re < T 
Fig. 6.1 Schematic of the VCO 
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The strpline resonator that set the oscillator's frequency band is buried in the 
LTCC substrate. The two feedback capacitors, de-coupling capacitor, and output 
filter are manufactured in LTCC. The final design is in a LTCC module consisting of 
15 tape layers. Six capacitors and two inductors are embedded in the structure. The 
layout of the V C O is shown in Fig. 6.6. 
~ V \ A / ~ ~ W v • Vcc 




HBFP0450 LTCC substrate D C b lock 
Output II ] 
—p-i filter i 50Q 
I ^IIZI == 
3 stripline Feedback ~ 
3 resonator network 
<> Vctr丨 
RE < - RFC 
T ？ CV 
Fig. 6.2 Schematic of the LTCC VCO 
6.2 Output filter 
In the load network, a low-pass filter is added in order to suppress the higher order 
harmonic components. Fig. 6.3(a) is a typical low-pass filter together with the D C 
blocking capacitor (C4). 
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(b) 
Fig. 6.3 (a) Load network of the oscillator, 
(b) Frequency response of the load network 
The DC blocking capacitor is a surface mount device and its equivalent model is 
used in the simulation. By using standard filter synthesis, the value of other elements 
in the load network is calculated. The simulated frequency response of the filter is 
shown in Fig. 6.3(b). The figure indicates that the second harmonic signal at around 
4.8GHz is greatly suppressed. In transforming the filter elements into LTCC 
passives, the embedded components realized by parallel plate capacitors and planar 
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circular spiral inductors. Fig. 6.4(a) shows the filter layout and the simulated 
frequency response by using an E M simulator (IE3D). 
Ground is not shown 
(a) 
: 厂 \ 丨 丨 ： 
- X 
T— 20— i 
g： • : I.......X. I  
rn^  -30— 
“ - i 
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_。u 1 I I I I~I""“nr—I~I I I I I~Irn~ryn~rn~r—|”r—i 
2 . 0 2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 
freq, G H z 
(b) 
Fig. 6.4 (a) 3D view of the LTCC low pass filter, 
(b) Frequency response of the LTCC low pass filter 
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6.3 Embedded capacitor 
There are three embedded capacitors: C2, Cb and Cf. In order to simplify the 
calculation, the feedback capacitor Cf, the D C blocking capacitor Cb and the varactor 
diode capacitor Cv are combined into a single element given by, 
(6.1) 
Capacitors Ci and C2 determine the amount of feedback introduced into the 
oscillator. W e make an initial guess of these capacitor values and then use the 
optimizer in circuit simulator to obtain the required parameters. 
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Fig. 6.5 Simulation circuit used in finding the embedded capacitors 
The circuit is designed to operate from 2.326GHz to 2.377GHz with best phase noise 
performance of at an offset frequency lOOkHz. In LTCC, C2 is constructed by a 36 x 
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46 mils 4 layers capacitor (6pF). Cf (1.5pF) is realized by the parasitic capacitance 
present between the lower metal plate of C2 and ground. Finally, Cb is obtained by a 
36 X 66 mils 2 layers capacitor (L8pF). The capacitor realized in the LTCC layout is 
shown in Fig. 6.6. 
^ 幽““‘ 
JiL, , , • HI 
/ w , w 
Fig. 6.6 LTCC Capacitors: C2 and Cf (top), Capacitor Cb (bottom) 
6.4 VCO layout and simulation 
Fig. 6.7 is the overview of the LTCC V C O layout, which including inductors, 
capacitors, and vias are placed in close proximity to each other; field from one 
inductor terminate on another inductor, capacitor, or via pad resulting in modified 
characteristics, depending upon the separation between the components. The 
modified characteristics affect the electrical performance of the circuit in several 
ways. In general, this parasitic coupling is undesirable and an impediment in 
obtaining an optimal solution in a circuit design; however, this effect can be reduced 
72 
Chapter 6 LTCC Voltage Controlled Oscillator Design 
by placing metal-filled via holes, known as via fence, or by using proper orientation 
of inductors in the layout of the circuit. At the circuit level, the via fence approach is 
not practical as it occupies appreciable area. Alternatively, the coupling effect can be 
taken into account in the design by performing electromagnetic (EM) simulation, or, 
at a given frequency, it can be reduced to an acceptable level by maintaining a large 
enough distance on the order of substrate thickness between the circuit elements. A 
full circuit simulation is accomplished by first constructing the s-parameter matrix of 
all the embedded passives at the desired frequencies, and then by inserting model of 
the other components such as transistor, resonator, varactor and S M D passives at the 
node connecting to the embedded passives. In addition to the passive library, a 
RF/microwave nonlinear bipolar transistor model for large signal applications has 
also been employed. The complete circuit model was implemented in a harmonic 
balance simulator and incorporated in the V C O as shown in Fig. 6.8. If the solution 
does not satisfy the required specification, we must redesign the circuit until the 
reasonable performance are obtained by changing some circuit parameters or by 
fixing the variation range of some circuit parameters. 
^ Output port 
C2 and Cf network Output filter 
(a) 
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^ ^ ^ ^ ^ Resonator 
(b) 
Fig. 6.7 Overall layout of the LTCC substrate used in the VCO 
(a) embedded capacitor and the output filter in the upper part, 
(b) embedded resonator in the lower part 
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Fig. 6.8 Simulation schematic of the VCO 
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Fig. 6.10 and 6.11 show the simulated tuning range and phase noise characteristics 
of the LTCC V C O circuit. The tuning bandwidth is found to be about 80MHz with 
an output power of approximately OdBm. A simulated phase noise level of lower 
than -120dBc/Hz at lOOkHz offset frequency from the carrier is also shown. 
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Fig. 6.9 Simulation result of the output frequency 
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Fig. 6.10 Simulation result of the output power 
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Fig. 6.11 Simulation result of the phase noise 
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Chapter 7 Experimental Setup and Results 
After the circuit layout was obtained by using a computer-aided manufacturing 
program (CAM350), the designs were then sent to National Semiconductor 
Corporation for fabrication. The V C O module was built using Dupont's 15 layer 
951A丁-based LTCC passive components and meandered line resonator. The ceramic 
tape thickness is 3.6 mil with 12 [im silver or gold metallization on the surface layer 
and silver metallization for the buried layers. 
7.1 Measured Result: LTCC resonators 
The resonant frequency of the resonators is designed to be around 2.4GHz. The 
stripline length is 441 mil in order to be a X/4 resonator because the nominal 
dielectric constant of LTCC is 7.8. To investigate the relation between unloaded Q 
and the stripline width w and substrate height h, four groups of resonators with 
different substrate height are designed. Within each group, the stripline width varies 
from 8 mils to 26 mils. In addition, two groups of resonators with the meander 
stripline and bi-metal-layer are fabricated for testing. 
Our evaluation system is illustrated in Fig. 7.1. A vector network analyzer of 
Hewlett Packard Corporation and coplanar probes of Cascade Microtech Corporation 
are used. The system was calibrated using an impedance standard substrate by 
L R R M correctional method. A de-embedding procedure (TRL) is also applied to 
remove the discontinuities effect associated with the interconnection between the 
probe and the resonators. Fig. 7.2 shows the TRL calibration kits and the resonator 
on LTCC substrates. 
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Fig. 7.1 Measurement set up of the LTCC resonator 
• H 
TRL • • r .. • 
Calibration • ,: — , �R e s o n a t o r 
Fig. 7.2 TRL calibration kit (left), LTCC resonator (right) 
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7.1.1 Experimental results 
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Fig, 7.3 Measured resonant frequency versus line width of stripline resonator 
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79 
Chapter 7 Measurement Setup and Results 
300 丨__•__-•__--•__•_•___—_丨丨…_._•_._ n 
-•-h = 21.6 mils 
0 250 - Hi^h = 28.8 mils M  
1 = mils J ^ / 
！ 200 — »«#»».h = 43.2 mils ^ / ^ W /  
5 10 15 20 25 30 
Line width (mil) 
Fig. 7.6 Measured unloaded Q versus line width of stripline resonator 
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Fig. 7.8 Measured unloaded Q versus line width 
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From the reflection data, the resonant frequency f。of the resonators can be 
determined by finding the intersection point of the reflection curve with the real axis 
of the Smith Chart after the coupling effect is corrected. The measured f。is found to 
be very close to the designed frequency (2.2±0.1GHz), which has a relative error of 
4.5%. Because the f。is proportional to , thus =丛,。and the relative error 
^|£r ^r f o 
of the 8r is less than ±2.6% from the nominal value (7.8±0.2), not including other 
error sources. The unloaded Q can be found from the reflection data also. The 
principle of the measurement method can be found in the appendix section. 
Fig. 7.3 - 7.5 show that the measured resonant frequency of the resonators 
decreases with increasing line width, as predicted by computer simulation. Fig. 7.6 -
7.8 plot the measured unloaded Q value for all constructed resonators. It is observed 
that the unloaded Q increases as the signal line width gets wider and resonator 
substrate gets thicker. However, there is a large discrepancy between the measured 
and simulated Q values, probably due to measurement errors. One of the reasons of 
these errors is due to the low resistance of the resonator at series resonant. Since the 
resistance at resonant is low, any loss in the measurement setup such as the resistance 
at the contact point of the probe and the D U T will have a great effect on the 
measurement result. The method to solve this problem is still under investigation. 
In this experiment, 49 resonators with different dimension and structure are 
constructed. Fig. 7.9 shows the error bar plot used to indicate the variation of the 
measured unloaded Q in the measurement. 
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Fig. 7.9 Error bar plot of the resonator unloaded Q measurement 
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7.2 Measured results: LTCC voltage controlled 
oscillators 
The first measurement on the V C O module (Fig. 7.10) was to verify the D C 
operation point (VDD = 3V, ID = 13mA). Fig. 7.12 and 7.13 give the variation of 
oscillation frequency and fundamental output power of the V C O , as a function of 
control voltage. This was accomplished by varying the control voltage and 
monitoring the output on a HP8546A Spectrum Analyzer. The average V C O gain 
was computed at 24MHz/V. 
Fig. 7.10 LTCC VCO module 
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Fig. 7.11 Measurement setup of phase noise performance 
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Fig. 7.12 Measured frequency tuning characteristics 
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Fig. 7.13 Measured output power versus tuning voltage 
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The output signal is plotted in Fig. 7.14 and 7.15. The output power is 
approximately OdBm. The second harmonic is reduced by 50dB. The noise spectrum 
plot is shown in Fig. 7.16. The computed phase noise can be determined by taking 
the power difference in dB between the carrier frequency and an offset frequency and 
subtracting 10 times the log of the spectrum analyzer's resolution bandwidth. 
) = Mfc) - dB{fJ-\Ox\og(RBW) (7.1) 
The result will be the phase noise in dBc/Hz. When the resolution bandwidth is 3kHz 
and the carrier frequency is at £ = 2.36527GHz, the phase noise is —120.86 dBc/Hz 
at an offset frequency of fm = lOOkHz. 
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Fig. 7.14 Output power spectrum of the VCO 
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Fig. 7.16 Measured phase noise of the VCO 
A phase noise characterization system (Fig. 7.11) is used that allows a phase noise 
floor of-135dBc/Hz at IMHz offset from the carrier to be achieved. To reduce the 
electrical, low frequency perturbations that are one of the major problems in the 
characterization of oscillator phase noise, proper shielding is required. 
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Table 7.1 summarized the electrical characteristics of the fabricated LTCC V C O 
circuits. 
Supply voltage 3 V 
Supply current 13 m A 
Frequency tuning range 2.29264-2.36527 GHz 
Output Power 0 dBm 
Second Harmonic 50 dBc 
Phase noise (2.36527GHz)-120.86 dBc/Hz @ lOOkHz offset 
Dimension 12.1 x 11.1 x 1.4 mm^ 
Embedded devices Resonator, 6 capacitors, 2 inductors 
Transistor, varactor, 3 inductors, 3 
Surface mount devices 
resistors, 1 capacitor 
Table 7.1 Electrical characteristics of the fabricated LTCC VCO circuits 
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Chapter 8 Conclusion and Future Work 
The miniaturization of RF telecommunication devices for portable and battery-
powered applications, and for size, weight, cost, and power consumption reduction, 
is now essential. To realize a high-performance RF front-end for wireless 
applications, the Low Temperature Co-fired Ceramic (LTCC) multilayer ceramic 
(MLC) technology is widely used since it is suitable for the realization of integrated 
passive components and for interconnection with active devices. Multilayer LTCC 
technologies can consist of as many as 50-60 stacked ceramic tapes and are excellent 
candidates due to the availability of large number of layers and reasonable loss 
performance. The LTCC process offers screen-printing and low-loss stacked via 
processes as well as high conductivity metallization useful for high frequency 
applications. More cost-effective and miniaturized designs are effectively supported 
by reducing overall component count and PCB space used. 
In this work, the design of a highly integrated LTCC Voltage Controlled Oscillator 
module has been demonstrated. This circuit implemented in a three-dimensional 
stripline lumped-element topology on a multilayer LTCC substrate, which is the 
designated board technology for the Bluetooth wireless L A N system. The 
performance of a 2.4GHz V C O realized with a commercially available discrete 
transistor has been reported. A phase noise level of -120dBc/Hz at lOOkHz offset 
frequency from the carrier has been measured. The module has dimensions of only 
12.1 X 11.1 X 1.4 mm^ and integrates about 10 components. Compared with 
conventional solutions with discrete components, this reduces the required space by 
80%. About 10 components --- capacitors, inductors and laminated stripline 
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resonator --- are embedded in the 15-layer LTCC structure. The remaining 
components are mounted onto the substrate as S M D devices. 
It can be stated that simulation is able to predict the electrodynamic behavior of 
LTCC components. Care should be taken when determining the Q factors of 
resonator. The potential of miniaturization and reliability inherent in the LTCC 
technology leads to the wish to integrate whole networks into substrates. Therefore 
the necessity to find design rules for integrated components arises. Much freedom is 
provided for choosing the design parameters for getting the best possible electrical 
performance. Thus the LTCC technology has a great potential for future generation 
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Appendix A: TRL calibration method 
In the s-parameter measurement, everything placed between the measurement 
reference planes of the network analyzer is treated as a single device by the analyzer. 
Therefore, a method should be found to calibrate the network analyzer such that it is 
possible to eliminate the effect of all unwanted influences and parasitic. So, the main 
goal of a calibration is to characterize the error boxes prior to measuring the DUT. 
Fig A. 1 shows the model for the practical measurement network. 
Coplanar probe reference plane 
Port 1 Port 2 
I Error box A j I Error box B ‘ 
L R A J _ D U T 1 RB J 
i K A i 
ai ^ \ ^ . a2 
_ ， D U T reference plane , 一 
bi b2 
Fig. A.l Block diagram of the measurement of s-parameter of a two-port 
network 
The simplest and the most common calibration method involve three or more 
known loads (open, short, and matched). This method is most suitable for calibration 
of a network analyzer within a coaxial or waveguide system since it is possible to 
realize very accurate short circuits, loads and lengths of matched line. However, this 
cause problem in the transmission line media. It is difficult to make accurate short 
circuits and loads in micro strip and this will introduce additional errors into the 
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measurement procedures. At higher frequency measurement, these errors become 
especially significant. 
In order to avoid the dependency on the accuracy of calibration standards, there are 
many alternative calibration methods. One of the methods is called Through-Reflect-
Line (TRL) technique [21] [22]. The TRL calibration scheme does not depend on 
known standard loads. It base on the use of three types of connections, which are 
shown in Fig A.2. 
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I I I 
I I I I I I 
I I I I— —4— —I 
I Ra I RB I 
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b) Reflect 
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1— H r- —I 
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c) Line 
Fig. A.2 Calibration standards in TRL calibration a) Through, b) Reflect, 
c) Line 
The Through connection is made by directly connecting port 1 and port 2 of the 
DUT. The Reflect connection uses a load with high reflectively. The reflection 
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coefficient Tr can be unknown since it can be determined during the calibration 
process. But the reflection coefficient of both the input and output port should be the 
same. The Line connection is made by connecting port 1 and port 2 via a 
transmission line, which is matched to the impedance of the error boxes. 
Instead of representing a network by s-parameter matrix, the wave cascading 
matrix can be used and it is useful when considering the problem of cascading 
network. The following is the representation of the wave cascading matrix. 
> ] = [及 11 吟 ] (A.1) 
〇 —— ——o 
尺 AU ^BU 






Fig. A.3 Cascade network 
In Fig A.3, when two networks RA and RB cascade, the wave cascading matrix of 
the cascaded network RTOT is the product of the wave cascading matrixes of the 
network RA and RB. 
尺TOni RTOTU _ 尺AU 尺AU -^Bll ^ B12 (A 
RjOTll RTOT 12 _ _ ^B22 _ 
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Because the network analyzer only gives the s-parameter, the following equations 
show how to transform the s-parameter matrix to wave cascading matrix. 
灭 1 1 = 、 - ^ (A.3) 
代 ( A . 4 ) 
及 2 1 = 令 （A.5) 
及22 4 ( A . 6 ) 
From the Through, let its wave cascading matrix be [RT], then, 
[ R r M e a h M R r K ] (A.7) 
where [ R i M e a ] is the measured wave cascading matrix of the Through, [RA] and [RB] 
are the wave cascading matrixes of the error boxes being investigated. 
Similarly, from Line, let its wave cascading matrix be [RJ, then, 
[RLMeahMRM] (A.8) 
where [RLMea] is the measured wave cascading matrix of the Line. 
r 1 � 1 0"| . . 
Obviously, Through is a delay line with zero length, then = • 1 . Line is a 
r 「r" 0 -
delay line with length I, then 丄 J = ^ 
By (A.7) and the well-known [RT], we have, 
[及J 二 k J — i ^ J (A.9) 
96 
Appendix A: TRL calibration method 
By (A.8) and (A.9), we have, 
[凡 [凡]kJ—1 [及 TMJ 
[t][RA=[RaK] 
where M = [i^胸 li?臉]-丨. 
••• = (A. 10) 
By expanding (A. 10)，we have, 
， ( A - 1 1 ) 
(A-12) 
+^22^.21 (A-13) 
, ( A . 14) 
Subsequently, by combining (A. 11) to (A. 14), we have, 
t J ^ ] - t J ^ ] - T , , = 0 (A.15) 
t J ^ ] =0 (A.16) 
� K^Allj \^A22 y 
Note that (A.15) and (A.16) are two quadratic equations with the same coefficients. 
R 
Therefore, the roots should be judged to be assigned to — ^ or — ^ . First, the two 
尺 A22 
roots must be distinct because equal roots provided that equals to zero that 
cannot be true for practical measurement system. 
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By expanding (A.l), we have, 
r (R ^ 
b, = Rn -^ci.+b, (A. 17) 
J 
以 1 =^22 — + ^ 2 (A. 18) 
� 1^22 
In the measurement, it is wanted to have a response nominally proportional to the 
wave incident upon the item under test. Therefore, it results to — ^ « 1 and 
及22 
R 




Now, -^^and are solved. By using the similar approach, — ^ a n d — ^ can 
尺 A22 尺 A21 ^B22 
be found too. 
By (A.3) and (A.5), we have, 
c c 
S _ AW"^ All 
^Al\ _ ^ All - ^ A2\ (八 20) 
Ra2\ —�22 
By (A.4) and (A.6), we have, 
� 1 
, 二 华 二 〜 丨 (A.21) 
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R R 
Finally, re-arrange (A.20) and (A.21) and consider - ^ a n d , we have, 
RB22 RB12 
(A.22) 
S s 2 2 = - ^ (A.23) 
_ RA12 _ 尺AU /A 24) 
a P P 
— RB21 / a 9 C \ 
~ ^ 一 P P 
^ 5 1 1 八 512 八 522 
Up to now, by using Through and Line, S州 and S似 are solved. 
Now, from the Reflect, we have, 
e c 
r _ e [ "^⑷2。/t2i  
乂她a _ 川 1 — (A.26) 
p ^ A22 丄R 
e c 
r — e I '^ BU'^ Bll 
— _ 〜 ！ — (A.27) 
By re-arranging and combining (A.26) and (A.27), we have, 
+ ^ A22 - — +、 5 1 1 (A.28) 
^ AMea ~ ^ AW ^ BMea ~ ^ B22 
Now, re-arrange (A.28), we have, 
+ = + (A.29) 
I M) 、N) 
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where 
X =〜2>S^』 (A.30) 
^ All 
r =〜2〜丨 (A.31) 
� 1 
(A.32) 
N = (A.33) 
Here, X, Y, M and N are known, 
From the measured s-parameter of the Through, we have, 
、e“u 二 、 个 (A.34) 
^TMeall 二 1 _ f (A.35) 
S t誠 = 1 ^ 卞 (A.36) 
丄 ~ ^  All^BW 
C _ e I ^A22^B\2^B2\ /A 
_ 0万22 卞 】 ^ ^ V 
丄一 22^ 511 
By re-arranging (A.34), we have, 
W . n - ^ (A.38) 
where C = 滅 
Now, by using (A.29) and (A.38), we have, 
〜 1 +丄 1 + A i + i_ (A.39) 
CJ I M人 N) 
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〜22=〜11 1 + 1 + 引 （A.40) 
^ MJ ^ NJ 
Now, S^ 22 and S^^ are solved. 
By (A.30) and (A.31) and assigning the answer to G and H, we have, 
G = 〜 2 1 =恐怨 （A.41) 
^ = (A.42) 
By re-arranging (A. 3 5) and (A. 3 6) and assigning the answer to I and J, we have, 
I = ^ AU^BM - ^ TMeaU 一 ) (A .^43) 
J 二 二 STMea2\ 一 ^ A22^BW ) (A.44) 
Here, G, H, I and J are known. 
Now, the measured parameter of the D U T at the coplanar probe reference plane 
can be de-embedded to the measured parameter at the D U T reference plane. The 
equations above can be used to de-embed 2-port system. However, only 1-port 
measurement is done here and only the 1-port de-embedding scheme is presented. 




Fig. A.4 1-port measurement 
r - - c I 〜 A 2 1 
丄 Mea -。Meall -。/111 丁 ^ (A 45) 
p ^A22 . 
丄DUT 
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By re-arranging (A.45) and applying (A.41), we have, 
r - ^MeaW (K Af\ 
dut - e c c C Tr ( … 
Finally, the 1-port measurement procedures are summarized as follows. 
1. Use Through and Line to obtain (A. 15) and (A. 16). 
R R 
2. Solve (A. 15) and (A. 16) to obtain and . 
尺A22 尺A21 
3. Solve S^ ii by(A.22). 
4. Use Reflect to obtain (A.29). 
5. Use (A.29) and (A.38) to obtain (A.39) and (A.40). 
6. Solve 5^ 22 by (A.39) and (A.40). 
7. Solve 〜12〜1 by(A.24). 
8. De-embed the measured 1-port parameter at the coplanar probe reference 
plane to the D U T reference plane by ⑷!，似 and ⑷ 处 . 
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Appendix B: Q measurement 
There are many existing methods in the measurement of Q. They can be classified 
into transmission method and reflection method. 
Transmission method 
The resonator with input and output terminals is used as a transmission device. The 
output signal is measured as a function of frequency. The unloaded Q value can be 
computed from the s-parameter obtained. There are 2 approaches. The first approach 
measures the s-parameter by a series resonator configuration and the other by the 
shunt configuration. Fig. B.l shows the equivalent circuit of the first approach under 
measurement [23:. 
Portl \ R L C Port 2 
(Input p o r t T ^ p A A A ^ — H M ^ ^ (Output port) 
Z o I 
Fig. B.l Equivalent circuit of the resonator under measurement 
Let the resonator has impedance jX . The s-parameters of series 
impedance in a two-port configuration are 
I 志 （B.l) 
。 2Z„ 
知 ： 命 _ 
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Then, the unloaded Q can be found by the measured s-parameter directly from the 
following equations 
二 2Z。+Rco。d(l)i\ ^ coA I 1 
么一 R 2 dco “ 2 知 dco (议力 
⑴一⑴o 11 J Q)=0)^ 
^ 2Z, +R M dep.. (Oo「1 d^u 1 
or Q = m. (B4、 
o 2Z。 2 dco IL dco ^ • ^ 
Although it is a simple method to understand, there are practical difficulties in its 
application. It is necessary to pay considerable attention to several details to obtain 
accurate results. 
The second approach applies on a shunt resonator [23]. Now, consider the 
resonator measured in shunt configuration as shown in Fig. B.2. 
Port 1 ^ ^ Port 2 
(Input p o r t ) ^ T (Output port) 
：鲁 I：� -
••-••-丨  
Fig. B.2 Equivalent circuit of shunt resonator under measurement 
The corresponding s-parameters are 
I 杀 （B.5) 
C 2Z 、 ： ( B . 6 ) 
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The unloaded Q can be calculated from the measured s-parameter by the following 
equations 
( 0 。 二 一 . 
、 2 dco _ 。 一 2 [ 5 , - 」 _ 。 （ . ） 
or 一 l ^ c ^ d j ^ = 一 & [ 丄 i ] (B8) 
Reflection method 
Similar to the transmission method, s-parameter of the resonator is obtained to find 
the value of unloaded Q. But it this method, one-port measurement is used instead of 
two-port measurement. There are two ways to obtain the unloaded Q from the 
measured s-parameter. The first approach obtains the Q from the measured s-
parameter and the second approach finds the Q from the reflection curve of the 
resonator on Smith Chart directly. Fig. B.3 shows the equivalent circuit under 
measurement [23'. 
Port 1 - ^ R L C 
(I 叩 ut p o r O V - W v " " “ — I I ^ 
Z o , I 
I 
Fig. B.3 Equivalent circuit of the resonator under measurement in 
reflection method 
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The s-parameter (reflection coefficient) of the resonator can be represented by 
^ Z - Z , 
(B.8) 
Z + Z。 ^ ) 
where Z = + jX, which is the input impedance 
八 R^ - Z / co^ dd,, c O o �d d , , ] 
o = ^——2__nL u ni m q\ 
重 。 2 � � 2 [ 1 一 乂 “ 七 （B”） 
This method has another way to process, from the s-parameter obtained, the 
corresponding z-parameter can be found. Then, from the z-parameter, the unloaded 
Q value can be obtained by 
(B.io) 
where (|) is the phase angle of the z-parameter which change with frequency. 
Equations (B.9) and (B.IO) are good ways to calculate the unloaded Q in the 
simulation. But in the actual measurement, the resonator is loaded by the external 
circuit (the network analyzer) and the measurement will produce the loaded Q. The 
stronger the coupling between the network analyzer and the resonator, the lower the 
value of the measured loaded Q. The ratio of power dissipated in the external circuit 
to the power dissipated in the resonator is called coupling coefficient K. TO find the 
unloaded Q, the measurement should be designed in such a way th^ t it also provides 
the value of the coupling coefficient. Then the unloaded Q factor can be found from 
the measured loaded Q and the coupling coefficient. Here gives the second approach 
in finding the unloaded Q [24:. 
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Fig. B.4 shows a typical measurement result of a resonator displayed on the 
network analyzer in the form of Sn polar plot. If the calibration and the reference 
position are correct, a perfect circle that the measured reflection coefficient will be 
plotted on a polar plot, describes as a function of frequency. From the circle, we can 
Fig B.4 Sii polar plot of a resonator by the reflection method measurement 
obtain the loaded resonant frequency, the resonator loaded Q factor and the coupling 
coefficient. 
In the measurement result, the rotation and shrinkage of the circle are caused by the 
coupling between the network analyzer and the resonator. Anyway, the rotation is of 
no important for the determination of the loaded Q and the coupling coefficient. In 
order to find the loaded Q, three points on the Q circle are identified. The first one is 
the resonant frequency f。. The other two frequencies fi and f�，belongs to the two 
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points inclined by (|)=45。on each side of the centerline as shown in Fig. B.4. The 




To find the coupling coefficient, one has to measure the diameter d of the Q circle. 
Weakly coupled resonators will produced small Q circles and strongly coupled 
resonators large ones. The coupling coefficient is then computed by 
(B.9) 
After the loaded Q factor and the coupling coefficient are found, the unloaded Q 
factor can found by 
(B.io) 
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Appendix C: Q-factor extraction program listing 
1. Function used to calculate Q from s-parameter 
% It is a function used to calculate the Q from s-parameter 
% sfilename: s-parameter stored in touchstone format 
% res一freq: resonant frequency 
% deLfreq: delta frequency of the s-parameter sample 
function unloadedQ 二 Q_series_s(sfilename，res_freq, del_freq) 
fid=fopen(sfilename)； 
% read the raw data from the file 
line=fgetl(fid); % remove header 
index = 1 ； 
while 1 
line二fgetl(fid); % get one line of file to 'line' 





freq = sin(l,:); 
s = complex(sin(2，:)，sin(3,:)); 
ssize = size(freq, 2); % the number of sample of s-parameter 
% calculate the imlaoded Q 
for k = 1: ssize-1 
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phase 1 = phase(s(k)); 
phase2 = phase(s(k+l)); 
if (phase 1>0) 
phase 1 = phase 1 - 2*pi; 
end 
if(phase2>0) 
phase2 = phase2 - 2*pi; 
end 
Q(k) = (res一 freq/2). *((2. *s(k))./( 1 -(s(k).*s(k))).*(phase 1 -phase2)./del_freq); 
end 
Q(ssize) = Q(ssize-l); 
imloadedQ = max(abs(Q)); 
% save the Q 
qfilename = strrep(sfilename, ’.sp', '.qsp'); 
fid=fopen(qfilename,'w')； 
fprintf(fid, '# GHz S RI R SOW); 
for i= 1: index-1 
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2. Function used to calculate Q from z-parameter 
% It is a function used to calculate the Q from z-parameter 
% zfilename: z-parameter stored in touchstone format 
% res_freq: resonant frequency 
% del_freq: delta frequency of the z-parameter sample 
function unloadedQ = Q_series_z(zfilename, res一freq，del—freq) 
fid=fopen(zfilename)； 
% read the raw data from the file 
line=fgetl(fid); % remove header 
index = 1 ； 
while 1 
line=fgetl(fid); % get one line of file to 'line' 





freq = zin(l,:); 
z = complex(zin(2,:), zin(3,:)); 
ssize = size(freq, 2); % the number of sample of z-parameter 
% calculate the unloaded Q 
for k= 1: ssize-1 
Q(k) = (res_freq/2).*((phase(z(k))-phase(z(k+l)))./del_freq); 
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end 
Q(ssize) = Q(ssize-l); 
imloadedQ = max(abs(Q)); 
% save the Q 
qfilename = strrep(zfilename, ’.zp’，'.qzp'); 
fid=fopen(qfilename，' w')； 
fprintf(fid, '# GHz S RI R 50\n'); 
for i=l: index-1 
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